In a wide range of clinical procedures, accurate placement of medical devices such as needles and catheters is critical to optimize patient outcomes. Ultrasound imaging is often used to guide minimally invasive procedures, as it can provide real-time visualization of patient anatomy and medical devices. However, this modality can provide low image contrast for soft tissues, and poor visualization of medical devices that are steeply angled with respect to the incoming ultrasound beams. Photoacoustic sensors can provide information about the spatial distributions of tissue chromophores that could be valuable for guiding minimally invasive procedures. In this study, a system for guiding minimally invasive procedures using photoacoustic sensing was developed. This system included a miniature photoacoustic probe with three optical fibers: one with a bare end for photoacoustic excitation of tissue, a second for photoacoustic excitation of an optically absorbing coating at the distal end to transmit ultrasound, and a third with a Fabry-Pérot cavity at the distal end for receiving ultrasound. The position of the photoacoustic probe was determined with ultrasonic tracking, which involved transmitting pulses from a linear-array ultrasound imaging probe at the tissue surface, and receiving them with the fiber-optic ultrasound receiver in the photoacoustic probe. The axial resolution of photoacoustic sensing was better than 70 µm, and the tracking accuracy was better than 1 mm in both axial and lateral dimensions. By translating the photoacoustic probe, depth scans were obtained from different spatial positions, and two-dimensional images were reconstructed using a frequency-domain algorithm.
INTRODUCTION
In a wide range of clinical procedures, accurate placement of medical devices such as needles and catheters is critical to optimize patient outcomes. Ultrasound imaging is often used to guide minimally invasive procedures, as it can provide real-time visualization of patient anatomy and medical devices. However, this modality can provide low image contrast for soft tissues such as blood vessels, nerves, and tumors in some contexts. Furthermore, the visualization of medical devices such as needles and catheters can be challenging, with poor echogenicity when the devices are steeply angled with respect to the incoming ultrasound beams [1] . Inaccurate placement of devices can result in life-threatening complications.
Reflectance spectroscopy probes that are integrated into needles [2, 3] and catheters [4] can provide information about the spatial distributions of tissue chromophore concentrations such as hemoglobin and lipid that is complementary to conventional B-mode ultrasound images. In a typical implementation, light is delivered to Imaging probe tissue with one optical fiber and a portion of the reflected light is received with one or more adjacent fibers. However, obtaining spatially-resolved information with reflectance spectroscopy probes is challenging, particularly with small numbers of optical fibers.
Photoacoustic sensors can provide information about tissue that could be valuable for guiding minimally invasive procedures. With photoacoustic sensing, pulsed or temporally modulated excitation light is delivered into tissue or to an optically absorbing coating. In the former case, ultrasound is generated when tissue chromophores absorb excitation light; in the latter, ultrasound is generated by the optically absorbing coating and ultrasonic reflections in tissue are received. Depending on how the ultrasound waves are received and how the excitation light is delivered, a photoacoustic sensor can either provide one-dimensional depth scans or two-/three-dimensional images. When integrated into medical devices, photoacoustic sensors could be used to detect and spatially-localize specific tissue structures. In this study, an all fiber-optic system for guiding minimally invasive procedures using photoacoustic and ultrasound sensing was developed. The potential of the system's ability to acquire co-registered photoacoustic and ultrasound images was demonstrated using a tissue-mimicking phantom. Further, the tip of the fiber-optic probe was successfully tracked using a clinical ultrasound array in a water phantom. The results suggest that the system holds strong potential to guide various minimally invasive procedures. 
MATERIALS AND METHODS
The system included a miniature photoacoustic probe with three optical fibers: one with a bare distal end for delivering pulsed excitation light to tissue, a second with an optically absorbing coating at the distal end for transmitting ultrasound, and a third with a Fabry-Pérot cavity at the distal end for receiving ultrasound ( Figure  1 ). The optically absorbing coating was a composite of functionalized carbon nanotubes and polydimethylsiloxane (PDMS), as previously described [5] . The Fabry-Pérot cavity comprised a transparent polymer positioned between two reflective surfaces [6] . The position of the photoacoustic probe was determined with ultrasonic tracking, which involved delivering pulses an ultrasound imaging probe, and receiving them with the fiber-optic ultrasound receiver in the photoacoustic probe [7] .
A photoacoustic/ultrasound imaging unit delivered excitation light for generating photoacoustic signals and measured reflectivity from the Fabry-Pérot cavity for receiving ultrasound. Excitation light pulses at 1064 nm were delivered by a fiber coupled Nd:YAG laser (SPOT-10-500-1064, Elforlight, UK). Continuous-wave light was provided to the Fabry-Pérot cavity by a wavelength-tunable laser (Tunics T100S-HP CL, Yenista Optics, The primary component of the tracking unit was a clinical US imaging system (SonixMDP, Analogic Ultrasound, Richmond, BC, Canada) with a linear-array ultrasound imaging probe (L14-5, bandwidth: 5-14 MHz, Analogic Ultrasound, Richmond, BC, Canada). This imaging system, which was operated in research mode, was used to obtain conventional B-mode ultrasound images and to generate sequences of ultrasound pulses from individual transducer elements that were received by the fiber-optic ultrasound receiver in the photoacoustic probe. Assuming a constant ultrasound speed, the time-of-flights of the ultrasound transmissions are proportional to the distance between the receiver and the center of the transmitting elements. As such, an image of the receiver can be obtained by processing signals corresponding to transmissions from different transducer elements. An important advantage of this tracking method is that the conventional B-mode ultrasound image and the image of the receiver are inherently co-registered. 
RESULTS
Photoacoustic imaging with the system was tested using a simple phantom (Figure 1 ). This phantom comprised 5 carbon fibers with 100 µm diameters as imaging targets, which were aligned horizontally and positioned several millimetres above an anechoic acoustic absorber in a water bath (Figure 2a ). The photoacoustic probe was mounted on mechanical translation stage so that its lateral position relative to the imaging targets could be varied. Photoacoustic and ultrasound images were obtained consecutively. The former were obtained with excitation light provided to tissue; the latter, with excitation light provided to the optically-absorbing coating. Both the photoacoustic and the ultrasound images were reconstructed offline using a frequency-domain algorithm [8] implemented with the k-Wave toolbox for Matlab [9] .
The targets and the surface of the blue anechoic absorber were clearly visualized in the photoacoustic image (Figure 2(b) ). The carbon fiber at x = 1.5 mm did not appear in the photoacoustic image, which can be attributed to the lack of light illumination given that the probe was angled with respect to the phantom. However, all 5 carbon fibers were visualized in the ultrasound image (Figure 2(c) ). The structure of the anechoic absorber was also apparent in the ultrasound image. Both photoacoustic and ultrasound images were spatially well co-registered (Figure 2(d) ).
Ultrasonic tracking performance was assessed with the photoacoustic probe and the surface-mounted ultrasound imaging probe positioned in a water bath. When concatenated, a parabolic shape was observed from the fiber-optic receiver signals that corresponded to ultrasound transmissions from individual elements of the linear-array ultrasound imaging probe at the tissue surface (Figure 3a) . A reconstructed image of the receiver typically comprised a single spot that was localized to within a spatial region smaller than 1 × 1 mm 2 ( Figure  3b ), which was confirmed by the axial and lateral profiles (Figures 3c-d) . 
DISCUSSION AND CONCLUSION
The system for guiding minimally invasive procedures that was developed in this study provides information that is complementary to conventional ultrasound and x-ray fluoroscopic images. Photoacoustic sensing performed with excitation of tissue provides information about the spatial distribution of specific chromophores. Ultrasound sensing, in which transmission across a broad frequency range is performed with photoacoustic excitation of an optically absorbing coating, can provide structural information with spatial resolution higher than those of ultrasound imaging probes positioned at the tissue surface. Ultrasound tracking of the photoacoustic probe using the fiber optic ultrasound receiver could allow for co-registration of signals obtained from spatial regions close to the photoacoustic probe with larger-scale, lower-resolution images obtained from linear-array ultrasound imaging probes at the tissue surface. Ultimately, the position information provided by ultrasound tracking could be used to reconstruct images from the photoacoustic probe signals in real-time during free-hand positioning in the human body.
